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ABSTRACT. We study actions of locally compact groups on von Neumann fac-
tors and the associated crossed-product von Neumann algebras. In the setting
of totally disconnected groups we provide sufficient conditions on an action
G ~ Q ensuring that the inclusion Q C Q X G is irreducible and that every
intermediate subfactor is of the form Q »x H for a closed subgroup H < G.
This partially generalizes previous results obtained by Izumi-Longo-Popa
and Choda. We moreover show that one can not hope to use their strategy
for non-discrete groups.
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1. INTRODUCTION

In the theory of von Neumann algebras, the crossed-product construction as-
sociates to an action of a locally compact group G on a von Neumann algebra Q a
new von Neumann algebra, denoted by Q x G, which encodes the action (to some
extent). This construction goes back to Murray and von Neumann [28] in the case
of state preserving actions of countable groups on abelian von Neumann alge-
bras, and was called the group measure-space construction. Thus crossed-product
algebras appear as one of the most basic examples of von Neumann algebras.
In the case of actions of discrete groups, elementary properties of these crossed-
product algebras are quite well understood. For instance:

(i) If Q is abelian, Q = L®(X, u), and if the corresponding non-singular G-
action on (X, u) is essentially free then Q' N (Q x G) C Q, so that the crossed-
product Q x G is a factor if and only if the action is ergodic.

(ii) If Q is a factor, then Q" N (Q x G) = C if and only if the action is properly
outer, meaning that for all g € G, the corresponding automorphism of Q is not
inner.
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Moreover, in both settings one can completely describe all the intermediate
subalgebras between Q and Q x G. Hybrid cases combining aspects of cases (i)
and (ii) above have been considered recently in [10].

In the case of non-discrete groups the picture is not as nice. The main dif-
ference is that there is no “Fourier decomposition” of elements Q x G. Namely,
not every element of x € Q x G can be represented as an L2-element x € L?(Q) ®
L*(G).

Nevertheless, in the setting (i) above of actions on abelian algebras there are
some satisfying results. Sauvageot showed in Section 2 of [32] that the equiva-
lence between Q' N (Q x G) C Q and the action G ~ (X, u) being essentially
free still holds. Moreover, in the case of state preserving actions of unimodular
groups, a powerful tool is available: the so-called crossed-section equivalence re-
lation. It relies on the observation that appropriate II; corners of Q % G can be
described by an explicit equivalence relation. We refer to [25] for details and ref-
erences.

In this article we will be interested in the setting (ii) of actions on factors. An
action G ~ Q of a locally compact group G on a factor Q is called strictly outer if
Q'N(Q % G) = C. Itis known in this case that properly outer actions need not be
strictly outer. As we will see, assuming that the action is strictly outer allows to
deduce more conclusions. For instance we will see that it implies that the normal-
izer of Q inside Q x G is the semi-direct product ¢(Q) x G, see Corollary 3.11.
In particular we will derive as in the discrete case that for strictly outer actions
the pairs Q C Q x G completely characterize the actions up to cocycle conjugacy.
We refer to Theorem 5.1 of [38] for examples of strictly outer actions. We will also
give a new criterion providing more examples in Proposition 4.5.

Our main goal is to prove an intermediate subfactor theorem (a Galois cor-
respondence). Namely we will provide examples of strictly outer actions of non-
discrete groups that satisfy the following property.

DEFINITION 1.1. We will say that a strictly outer action G ~ Q of a locally
compact group on a factor Q satisfies the intermediate subfactor property if any sub-
factor of Q x G, containing Q is of the form Q x H for some closed subgroup
H<G.

In the case of outer actions of discrete groups, Choda [11] proved such an
intermediate subfactor property under the extra assumption that the intermedi-
ate subfactor is the range of a normal conditional expectation on Q X< G. Then
Izumi-Longo-Popa [22] were able to show that the existence of such a condi-
tional expectation is automatic for crossed-products by discrete groups. So the
property is known to hold for actions of discrete groups. Unfortunately, as we
discuss below, there is no hope to adapt this strategy for general locally com-
pact groups. In fact, the general situation is analytically much harder to handle
precisely because conditional expectations need not exist in general.
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The proof of our main result relies on a very different approach inspired
from II;-factor techniques. We will restrict our attention to actions of totally dis-
connected groups. This will allow us to use Fourier decomposition arguments.
Here is the statement.

THEOREM 1.2. Consider an action o : G ~ Q of a totally disconnected locally
compact group G on a semi-finite factor Q. Assume that o is properly outer relative to a
compact open subgroup Ko < G whose action is minimal.

Then o satisfies the intermediate subfactor property.

We refer to Subsection 2.5 for the definition of a minimal action and to Defi-
nition 4.6 for the notion of relatively properly outer action. Theorem 1.2 applies to
Bernoulli shifts G ~ (Q¢ 7k Qo) where Qg is an arbitrary II;-factor, and K is any
compact open subgroup of G, see Subsection 4.4. For instance if G is a closed sub-
group of automorphisms of a locally finite tree T, and if G acts transitively on T,
then the Bernoulli shift action G ~ (@71 Qo) satisfies the intermediate subfactor
property. We refer to Subsection 4.4 for more examples.

As we mentioned above this result is not a simple generalization of the
discrete case, even if Q is tracial, because in general an intermediate subalge-
bra Q C N C Q x G does not behave well from the Hilbert theory perspective.
Nevertheless we still manage to use Hilbert techniques to perform the proof.

Our approach relies on two ingredients. The first one is an averaging ar-
gument. This is where the semi-finiteness assumption on Q will be used. As we
will see in Remark 4.14, this technique also allows to deal with some actions on
type III factors Q, but we need to make an assumption that there is a G-invariant
state on Q that has a large centralizer.

Our second ingredient is an extension of the notion of support defined by
Eymard [14]. In the language of quantum groups, the support of an element
of Q x G is the spectrum of the dual action. In the setting of totally disconnected
groups, this notion is particularly well suited, see for instance the proof of Propo-
sition 4.5. The key fact that we will use in the proof of Theorem 1.2 is that an
element whose support is contained in some closed subgroup H < G actually be-
longs to the subalgebra Q x H C Q x G. This result is certainly known to experts
in quantum groups, but as we were not able to find an explicit reference, we will
provide a self contained proof in Section 3.

In view of Theorem 1.2 and Remark 4.14 we make the following general
conjecture.

CONJECTURE 1.3. Any strictly outer action G ~ Q on a factor (of any type)
satisfies the intermediate subfactor property.

REMARK 1.4. The conjecture holds in full generality for compact groups.
Indeed, if K is a compact group and K ~ Q is a strictly outer action on an arbi-
trary von Neumann algebra, then the pair Q C Q x K can be identified with the
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basic construction of the inclusion QX C Q. This result was showed more gener-
ally for integrable (strictly outer) actions of locally compact groups by Vaes ([37],
Theorem 5.3). Moreover, by Theorem 3.15 of [22], every intermediate subfactor
of the inclusion QX C Q is of the form QF form some closed subgroup L < K.
Combining these two facts indeed yields that K ~ Q satisfies the intermediate
subfactor property.

Going back to general (not necessarily compact) groups, can one prove the
conjecture even when Q is tracial and G is an arbitrary locally compact group?
As we mentioned, Remark 4.14 allows to produce actions on type III factors. But
the condition on large centralizers that we need is never fulfilled in the case of
actions on factors of type Illy. This raises the following question.

QUESTION 1.5. Can one provide an explicit example of a strictly outer ac-
tion (of a non-discrete group) on a type Illp-factor that satisfies the intermediate
subfactor property?

We discuss in Section 5 the (im)possibility to solve the above conjecture by
generalizing the work of Izumi-Longo-Popa. Namely, we completely character-
ize in the case of arbitrary strictly outer actions G ~ Q, the existence of normal
conditional expectation and operator valued weight for an inclusion Q x H C
Q % G, where H is a closed subgroup of G.

THEOREM 1.6. Consider a strictly outer action G ~ Q on an arbitrary factor Q
and take a closed subgroup H < G. Then we have the following characterizations:
(i) There exists a normal faithful semi-finite operator valued weight T € P(Q %
G, Q x H) if and only if the modular functions ég and 5 coincide on H.
(ii) The inclusion Qx H C Qx G is with expectation if and only if H is open inside G.

For both parts in the above theorem, the only if parts follow easily from
modular theory. Namely both conditions are easily seen to imply the existence of
an operator valued weight and conditional expectation, respectively. Our main
contribution is to show that they are actually necessary.

Statement (ii) above is in sharp contrast with the case of group algebras,
since there can exist conditional expectations from LG onto LH although H is not
open inside G. For instance, consider a product G = Gj X G, with the trivial
action G ~ C. Assume that G, is second countable and not discrete. Then G; is
not open inside G but any faithful normal state on LG, gives rise to a conditional
expectation from LG ~ LG1®LG; onto LG;. In particular, the strictly outer as-
sumption may not be removed. On the other hand we do not know whether (i)
holds for arbitrary actions (not necessarily strictly outer).

Next, we will show that nevertheless the strategy of Izumi-Longo-Popa
and Choda can be applied to some intermediate subfactors, yielding the follow-
ing result. We will also mention applications to crossed-products by Hecke pairs
of groups, see Corollary 5.7.
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THEOREM 1.7. Consider an arbitrary strictly outer action G ~ Q on a factor
with a separable predual and a compact open subgroup K < G. Then any subfactor
of Q x G containing Q x K is of the form Q x H for some intermediate subgroup H;
K<H<G.

Going back to the conjecture, let us finally mention another partial result. It
is about intermediate subfactors that are globally invariant under the dual action
Ag:QxG — (QxG)R®LG. Namely if Q is a factor and if N is an intermediate
subfactor such that Ag(N) C N®LG, then N is of the form Q x H for some closed
subgroup H < G, see for instance Chapter VIL.2 of [29].

QUESTION 1.8. Consider a strictly outer action « of a locally compact quan-
tum group (M, A) on a factor N. Can one show that any von Neumann subalge-
bra Q C M X, N containing N is globally invariant under the dual action? We
refer to [38] for definitions.

We mention that Remark 1.4 also applies in the quantum setting. Namely,
Vaes’ result ([37], Theorem 5.3) is valid in the general quantum setting, while the
correspondence result of Izumi-Longo-Popa ([22], Theorem 3.15) was general-
ized by Tomatsu to the quantum setting in [35].

2. PRELIMINARIES

2.1. GENERAL NOTATIONS. In all the article, the letter G refers to a locally com-
pact group; mg denotes a left Haar measure on G, and é; the modular function of
G. Note that we follow the French convention according to which the locally com-
pact assumption also contains the Hausdorff axiom. When we consider L?-spaces
it is always meant with respect to the measure ms. When integrating functions
on G, we will sometimes use the notationds instead of dmg(s), s € G. The left
regular representation of G on L?(G) is denoted by Ag.

The letter Q refers to an arbitrary von Neumann algebra on which G acts.
The action will be denoted by G ~ Q, and called generically ¢. By an action, we
mean an ultraweakly continuous homomorphism from G into the automorphism
group of Q.

Given a von Neumann algebra M represented on a Hilbert space H, M’
denotes its commutant, (M); its unit ball in the operator norm, ¢ (M) its unitary
group and Aut(M) its automorphism group. We denote by S(M) and P (M)
the set of normal faithful states on M and the set of normal faithful semi-finite
weights (nfs weights for short), respectively. For any weight @ € P(Q), consider
the left ideal np (M) = {x € M : &(x*x) < co}, on which x — /P (x*x) defines
anorm || -|/¢. We denote by L?(M, ®) the Hilbert space completion of ng (M)
and we write Ag for the inclusion map Ag : ngp(M) — L2(M, ).
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2.2. GROUP ACTIONS AND CROSSED-PRODUCT VON NEUMANN ALGEBRAS. Let
us give the precise definition of our main object of study. We refer to Chapter X
of [34] and [16], [17] for details about the facts below.

DEFINITION 2.1. Fixanaction G ~ Q and represent Q on a Hilbert space H.
The crossed-product von Neumann algebra, denoted by Q x G, is the von Neumann
algebra on L?(G, 1) generated by the operators {71(x) : x € Q} and {us : s € G}
defined by the formulae:

(m(0)&) (1) = oy H(0)E(1) and  (usE)(t) = &(s1),
forall & € L?(G,H).

For notational simplicity we will often omit the 7 and identify 7(Q) with Q
in the above definition.

Throughout the article we will always assume that Q is standardly repre-
sented on #H, with conjugation operator | and positive cone P. In this case, we
abuse with notations and denote againby o : ¢ € G — 0, € U(#H ) the canonical
implementation of the action G ~ Q, see [15]. Then for all § € G the operator
pc(g) on L2(G,H) defined as follows lies in the commutant of Q x G:

@1 pc(8)(f)(s) = d6(g)'ag(f(sg)), foralls € G, f € L*(G, H).

Denote by (G, Q) the x-algebra of compactly supported, *-ultrastrongly
continuous functions, endowed with product and involution given by the for-
mulae

(F-R)(t) = /(Ts(l-"l(ts))Fz(s_l)ds and Ff(t) = (5G(t)_1cft_1(F1(t_1)*),
G

forall Fi, F, € K(G,Q), t € G. The algebra (G, Q) is also a two sided Q-module
with actions

(F-x)(t) = F(t)x and (x-F)(t) = oy '(x)F(t),
forall F € K(G,Q), x € Q, t € G. Themap F — [uF(s)ds defines a Q-
G

bimodular embedding of K(G, Q) into the crossed-product Q x G. In this way
K(G, Q) is viewed as an ultraweakly dense *-subalgebra of Q x G.

2.3. CROSSED-PRODUCTS BY SUBGROUPS. Given a subgroup H of G, one can re-
strict any action G ~ Q to an action H ~ Q. In the case where H < G is closed
inside G, then the von Neumann subalgebra of Q x G generated by Q and by the
unitaries uy, h € H, is isomorphic to Q x H. This can be seen using induced rep-
resentations, see Chapter X.4 of [34]. With the same tools one can also compute
the commutant of Q x H inside B(L?(G, H)).

THEOREM 2.2 ([29], Theorem VIL1.1). The commutant of Q X H inside
B(L?(G,H)) is the von Neumann algebra generated by the commutant of Q x G and the
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subalgebra L®(H\G) C L*®(G) consisting of left-H-invariant functions on G. Equiv-
alently,
QxH=(QxG)NL®(H\G)".

REMARK 2.3. Using the J-map, the above theorem also allows to compute
the basic construction (Q x G, Q x H) of the inclusion Q x H C Q x G. In fact
this description gives the isomorphism

(QxG,QxH) = (L7(G/H)2Q) x G,
where G acts diagonally.

2.4. MODULAR THEORY AND OPERATOR VALUED WEIGHTS. Given a von Neu-
mann algebra M, the modular flow of a weight ® € P(M) is denoted by oF €
Aut(M), t € R. The centralizer of @ in M is the subalgebra of elements fixed by
the flow (c?);, it is denoted by Q®. If » € P(M) is another weight, (D : D®);,
t € R, denotes the Connes—-Radon-Nikodym derivate as defined in Subsection
1.2 of [13]. We will need the following simple lemma.

LEMMA 2.4. Consider a von Neumann algebra M, two weights ®,¥ € P(M),
and an automorphism 0 € Aut(M). Then (D¥ 06 : D® 0 0); = 0~ ((DY : D®);),
forallt € R.

Proof. Denote by (e;;)1<i,j<2 the canonical basis of My(C). Put M:=M®
M (C), and define ¢ € P(M) by the formula

2
(p( Z Xij ® Ew’) = @(Xl/l) + ,‘P(erz), for all Xij € M.
ij=1
Note that the weight on M associated in a similar manner to ® 06 and ¥ o 6
is ¢ o (8 ®id). By the definition of Connes-Radon-Nikodym derivative ([13],
Lemme 1.2.2), we have for allt € R,

o(®id) (

(DY : D®);®ey1 =07 (1®ey1) and (D¥o8:DPob); =0/ 1®ep1).

The KMS condition, see Chapter VIIL1 of [34], implies ¢f° ") = (9 ®id)~1 o
(Tf’ o (0 ®id) for all t € R. The lemma easily follows.

The notions of modular group and Connes-Radon-Nikodym derivative
have been defined for normal faithful conditional expectations in [12]. We will
need the extended definition for operator valued weights defined by Haagerup
[19]. Let us fix some notations and recall known facts about operator valued
weights. We refer to [18], [19] for precise definitions and proofs.

If N C M is an inclusion of von Neumann algebras, then we denote by
P (M, N) the set of nfs operator valued weights from M to N. If T is in P(M, N),
then we set np(M) := {x € M : T(x*x) € N}. One can define the compo-
sition @ o T of a weight T € P(M,N), with an nfs weight ® € P(N); the
resulting weight @ o T is again normal faithful semi-finite. More generally, it
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makes sense to compose operator valued weights: if My C M, C Mj3 are von
Neumann algebras and S € P(M3, M), T € P(M;y, M;) then one can natu-
rally define To S € P(M3, M;) in such a way that for all € P(M;), we have
®@o(ToS)=(PoT)oS.

If T € P(M,N) and @ € P(N), then for all t € R, the modular automor-
phism ¢?°T associated to the weight @ o T leaves the von Neumann subalgebra
N¢ := N’ N M globally invariant, and its restriction to N¢ does not depend on
the choice of @. This restriction is called the modular flow of T, denoted by o/ .
Moreover, if S € P(M, N) is another operator valued weight then for all t € R,
the Connes-Radon-Nikodym derivative (D(® o S) : D(® o T)); is an element of
N¢ that does not depend on @. It is then denoted by (DS : DT); and called the
Connes—Radon—Nikodym derivative at time ¢.

If P(M, N) is non-empty then P(N’, M') is non-empty. In particular in this
case P(M;j, M) is non-empty as well, where M; denotes the Jones basic construc-
tion of the inclusion N C M, see [23]. Better, if N C M is with expectation E there
exists E € P(My, M) such that E(e) = 1, where e is the Jones projection associated
with E, see Lemma 3.1 of [24]. E is called the dual operator valued weight.

Finally, consider an action G ~ Q. By Theorem 3.1 of [17], there exists a
unique operator valued weight T € P(Q % G, Q) such that for all F € K(G, Q),
ge€Gandx € Qx Gy,

(2.2) To(F*F) = (F*F)(e) and Tq(ugxug) = 6G(g)ugTq(x)uy.

We call it the Plancherel operator valued weight. For any weight @ € P(Q), one
defines the dual weight ® o Tg € P(Q x G). See [16] for a different construction.

2.5. OUTER ACTIONS ON VON NEUMANN ALGEBRAS.

DEFINITION 2.5. We say that a group action G ~ Q on a von Neumann
factor is
(i) properly outer if no non-trivial element of G acts on Q by inner automor-
phism;
(ii) strictly outer if the relative commutant Q' N Q x G is trivial;
(iii) minimal if it is faithful and the fixed point subalgebra QC is an irreducible
subfactor of Q: (Q%) NQ = C.

As observed in [37], [38], a strictly outer action has to be properly outer, but
the converse is not true in general.

LEMMA 2.6 ([37], Proposition 6.2). An action of a compact group is strictly outer
if and only if it is minimal.

Let us record a basic example for later use.

EXAMPLE 2.7. Consider a diffuse factor Qy. For any faithful action of a

group H on a finite set X, the corresponding Bernoulli action H ~ Q((JX) Xis strictly
outer, hence minimal.
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In the setting of totally disconnected groups the following lemma will be
useful. Its proof is very much inspired from that of Proposition 6.2 in [37], with
another input, the Galois correspondence theorem ([22], Theorem 3.15).

LEMMA 2.8. Consider a minimal action Ky ~ Q of a compact group Ky. For any
open subgroup K < Ko, we have (QX)' N (Q x Ky) = LK C Q x K.

Proof. Recall that Q is represented on the Hilbert space H and that Q x Kj
is the subalgebra of B(L?(Kp))®Q generated by LKy ® 1 and by the operators
n(a) € L*(Kp)®Q, a € Q, defined by 7(a)(g) = (Tg’l(a), g € G. In this picture,
we have (QK0) = 1 @ QFo.

Take x € (QX)' NQ x Kp. Since x commutes with QX0 and Ky acts minimally,
we deduce that x € B(L?(Kp)) ® 1. Note also that (Q x Ko) N B(L?(Kp)) ® 1 =
LKy ® 1, s0 we can write x = z ® 1 for some z € LK.

For all 2 € QX and all linear functional u € Q., we have

z2(id @ p)(7(a)) = (id © p)(7(a))z.

Note that the functions (id ® u)(7(a)) € L*(K) are left K-invariant. Let us prove
that these functions generate /*°(K\Kj) as a von Neumann algebra as a € QX and
i € Qx. To see that it is sufficient to check that they separate points of K\ K. Take
g, h € Ky such that gh’1 ¢ K. Then by Theorem 3.15 of [22], there exists a € QK
such that o, 1 (a) # a. In particular 7t(a)(g) = ag’l(a) and 7t(a)(h) = 0;1(11) are
distinct elements of Q. So we can find a linear functional u € Q. that separates
them.

So we arrived at the conclusion that z commutes with /*(K\Kj), and in
particular with P(K), the orthogonal projection onto L?(K). This means that z
leaves L?(K) invariant: z € LK. 1

2.6. FOURIER ALGEBRA, DUAL ACTION, MULTIPLIERS. Given a locally compact
group G, we denote by A(G) its Fourier algebra as introduced by Eymard [14].
By definition A(G) is the set of functions on G of the form ¢ 1, ¢, € L%(G),
where * denotes the convolution product and 7 is the function g — 7(g~1). All
functions of A(G) are continuous and note that given ¢ € G, we have the equality
(&*17)(g) = (A(g)C, ). This set is an algebra under the pointwise multiplication.

The norm of ¢ € A(G) is defined to be the minimal value of ||&||||7] as
the functions & 5 € L?(G) satisfy ¢ = & = 7j. With this norm, A(G) is a Banach
algebra. The linear span of positive definite, compactly supported functions on
G is contained (densely) in A(G). We record in the following lemma some facts
we will use in the sequel.

LEMMA 2.9. Fix an open set U C G and a compact subset K C U.
(i) There exists ¢ € A(G) such that ¢ = 1 and e = 0.
(ii) Given a function p € A(G) that does not vanish on K, the closed ideal Z(y) in
A(G) generated by ¢ contains a function ¢ as above.
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Proof. The first part is Lemme 3.2 of [14]. The second item follows from
abstract harmonic analysis considerations. First, Théoreme 3.34 of [14] shows
that the spectrum of A(G) is homeomorphic to G and that the Gelfand transform
is the identity map. In combination with Lemme 3.2 of [14], it follows that A(G)
is regular in the sense of Section 25 in [27]. Denote by F C G the closed subset
consisting of zeroes of ¢. Then the hull of Z(¢) is contained in F, so the statement
follows from Lemma 25C of [27]. 1

As a Banach space, A(G) is isometric to the predual (LG). of LG. The dual-
ity pairing is given by the well defined formula (x, ¢) := (x¢, %), forall x € LG,
and ¢ = ¢ x77 € A(G). We will abuse with notations and write ¢(x) for x € LG
to mean (x,¢). This notation is somewhat consistent with the fact that ¢ is a
function on G, namely we have ¢(ug) = ¢(g) forallg € G.

Using the product on A(G) we can define multipliers on LG. More precisely,
any ¢ € A(G) gives rise to a normal completely bounded map my : LG — LG,
defined by the formula

(me(x),¥) = (x,9p¢p) forallx € LG, ¢ € A(G).

More generally, for any action G ~ Q, from an element ¢ € A(G) one can
construct a multiplier my on M := Q x G in the following way. Consider the
unitary operator W on L?(G x G, H) such that (W¢)(g, h) = &(g,gh) forall & €
L*(G x G,H),g,h € G. Denote by A := Ad(W*) the associated automorphism of
B(L2%(G x G,H)). We can identify L>(G x G, H) with L*(G,H) ® L?(G) insuch a
way that

AM®1) C M®LG, and the restriction A~ (g)e1 = id.

DEFINITION 2.10. With the above notations, the Fourier multiplier associated
with an element ¢ € A(G) is the normal completely bounded map my : Q x G —
Q x G defined by the formula

my(x) = (i[d®¢)oA(x®1), x€QxG.

In practice, the multiplier my is characterized by the formula mgy(aug) =
¢(g)aug foralla € Q, g € G. In this way, one easily checks that in the case where
Q = C, the two constructions of multipliers coincide.

3. SUPPORT AND APPLICATIONS

In this section we give generalities about the spectrum of the dual action,
defined for instance in Chapter IV.1 of [29]. We adopt the point of view of Eymard
[14], and rather talk about “support” because we believe it is more transparent
for the reader who is familiar with actions of discrete groups, and not so much
with the quantum group language. Our goal is to prove Theorem 3.7, regarding
elements whose support is contained in a subgroup. This is certainly known to
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experts but we were not able to find an explicit reference, although it is used
in Theorem VIL.2.1 of [29]. For convenience we tried to keep this section self-
contained.

3.1. DEFINITION AND FIRST PROPERTIES. Let us fix an arbitrary action G ~ Q
on a von Neumann algebra.

DEFINITION 3.1. The support of an element x € Q x G, denoted by supp(x),
is the set of elements ¢ € G such that for all ¢ € A(G) satisfying ¢(g) # 0, we
have mg(x) # 0.

We also describe the support explicitly in terms of interactions between Q x
G and the copy of L®(G) inside B(L?>(G,H)). If Q C G is a measurable subset,
we write P(Q) € L®(G) ® 1y for the orthogonal projection from L?(G,H) onto
L2(Q,H).

PROPOSITION 3.2. Take x € Q x G and g € G. The following are equivalent:
(i) g € supp(x);
(ii) for any non-empty open set (2 C G we have P(gQ)xP(Q2) # 0.

Proof. (i) = (ii) Consider a non-empty open set {2 C G. Take a non-empty
open subset (29 C (2 and an open neighborhood V of g in G such that V(2y C gQ2.
Fix a function ¢ € A(G) supported on V such that ¢(g) # 0. Then for all y €
Q x G, we have my(y)P(Qo) = P(§Q)my(y)P(p). Indeed the formula is clear
for all y of the form auy, a € Q, h € G, and follows for arbitrary y by linearity and
density.

Note that (Q x G)'L?(Qo, H) spans a dense subset of L?(G, ). Indeed, for
all ¢ € G, we see that pg(g)L%(Qo, H) = L*(Qog, H), where p(g) is defined in
(2.1). If follows that my(x) P(€) # 0.

Extend arbitrarily ¢ € A(G) = (LG). to a linear functional ¢ on B(L?(G)).
With the notations from Section 2.6, since W commutes with L®(G) ® 1, we have

A= (id ® ¢) o Ad(W*)(P(gQ)xP(Qp) ® 1)
= P(3Q)(id ® ¢) o Ad(W*) (x ® 1)P(2)
= P(8Q2)my(x)P(Q0) = my(x)P () # 0.

We deduce that P(gQ2)xP(0) # 0, and in particular P(gQ)xP(Q) # 0.

(ii) = (i) Fix¢ € A(G) such that ¢(g) # 0. We want to show that my(x) # 0.
For this it is sufficient to find ¢’ € Z(¢) such that my(x) # 0 (recall that Z(¢)
denotes the closed ideal in A(G) generated by ¢). By Lemma 2.9, there exists
¢’ € Z(¢) which is equal to 1 on a neighborhood V of g.

Pick a non-empty open set (2 C G such that g0 - Q! C V. We claim that
forally e Qx G

P(gQ2)my (y)P(Q) = P(gOQ)yP(Q2).

By linearity and density, it suffices to check this formula for all y of the form au;,,
a€ QheG Ifh €V,then my(auy,) = auy for all a € Q, so the formula is
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obvious. If h ¢ V, and y = auy, for some a € Q, then both sides of the formula
are equal to 0. Indeed, since m is a multiplier, the two terms are scalar multiple
of each other, and it suffices to check vanishing of the right-hand side. Since
¢0-OQ ' cVandh ¢ V, we deduce that gQ NhQ = @. This leads to

P(gQ)au,P(Q2) = P(gQ)P(hQ)auy, =0,
as wanted. This proves the claimed equality and hence my (x) #0. 1

In the sequel it will sometimes appear that one of the above two descriptions
will be better suited to work with than the other. We will freely switch between
these two points of view to reach the simplest arguments.

Let us record a few properties of the support.

LEMMA 3.3. Take x € Q x G. The following assertions are true:
(i) the support of x is a closed subset of G;
(ii) if x belongs to (G, Q), then supp(x) coincides with its support as a function
on G;
(iii) if x = ug for some g € G, then supp(x) = {g}.

Proof. (i) Consider a net (g;); of elements in supp(x) that converges to some
¢ € G, and take ¢ € A(G) such that ¢(g) # 0. Since ¢ is continuous, for i large
enough we also have ¢(g;) # 0. Hence my(x) # 0, as desired.

(ii) If x is a continuous function in (G, Q) and ¢ € A(G) observe that
my(x) is the function in (G, Q) defined by g — ¢(g)x(g). The statement easily
follows.

(iii) If x = ug, for all ¢ € A(G) we have my(x) = ¢(g)x. The result is then
obvious. 1

LEMMA 3.4. Consider x € Q x G and some open subsets (21, 2y C G satisfying
the relation Q1 - Q; ' Nsupp(x) = @. Then

P(Ql)xP(Qz) =0.
In particular, for any open set 2 C G, we have xP(Q2) = P(supp(x)Q)xP(Q2).

Proof. We first treat the special case where (2 - 5271 Nsupp(x) = @and 2
is compact.

For any (g,h) € (21 x (2, there exists a non-empty open set Vg i such that
P(gh™ Vg ;)xP(V, ;) = 0. Conjugating this equation with pg (k) for some k € G
we can assume that Vg ; is an open neighborhood of h. Here, recall that pg is the
right action defined in (2.1), which satisfies pg (k) P(Vg 1)0G (k1) = PV - k1.

By compactness, for a fixed g € G there existsn > 1,hq,...,h, € 0y such
that {V, ,, }/, is a finite open cover of (2;. We can then define an open neighbor-
hood Wy of e € G:

n
— -1
Wy = ﬂ h; Ve
i=1
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We get that P(§Wy)xP(V,,) =0 for any 1<i<n,g € ;. Since P(()) is smaller
n N

than the supremum of the projections \/ P(Vg ), we obtain that P(gWg)xP((2;)
i=1

i=

= 0 for any ¢ € 7. We deduce that P(21)xP(Q;) = 0 since \é P(gWg) >
8€lh

P(().

Suppose now that 2, is open and non-necessarily relatively compact. For
any g € (2, there exists a compact neighborhood Ky of g such that (21 - Ky In
supp(x) = @. We have that P(2;)xP(Ky) = 0 for any ¢ € G, by the proof of
above. This proves the desired equality P((21)xP(;) = 0 because P({2;) <

P(Ky).
ge\{lz(g)

The second part of the statement follows from taking 2, = 2, (1 = G\
supp(x)Q2.

Before mentioning interesting consequences of this lemma, let us give an
essentially equivalent form involving the multipliers.

LEMMA 3.5. Consider x € Q »x G with compact support, and take a function
¢ € A(G) which is equal to 1 on a neighborhood of supp(x). Then x = mg(x).

Proof. Take a non-empty open set {2 C G such that ¢ is equal to 1 on
supp(x)Q - Q1. Proceeding as in the proof of Proposition 3.2, (ii) = (i), one
checks that

P(supp(x)Q)xP(Q) = P(supp(x)Q)my(x)P(2).
Since supp(my(x)) C supp(x), Lemma 3.4 and the above equality imply that
xP(Q) = mg(x)P(Q2).

Moreover, for all ¢ € G, the set (2g satisfies the same condition as (2. So the same

equality holds with Qg in the place of (2, for all g € G: xP(Qg) = xP(Qg). Since

) is open inside G, we get that 1 = \/ P(Q2g). The equality x = m(x) follows. 1
8

COROLLARY 3.6. Consider x,y € Q x G. The following assertions are true:
(i) adjoint: supp(x*) = supp(x)~!;
(ii) sum: supp(x +y) C supp(x) Usupp(y);

(iii) product: supp(xy) C supp(x) - supp(y).
(iv) vanishing criterion: if supp(x) = @, then x = 0.

Proof. (i) This results from the fact that for all ¢ € A(G) we have that
(mg(x))* = mg:(x*), where ¢* € A(G) is defined by ¢*(g) = ¢(g7 1), g € G.

(ii) Consider g in the complementary of supp(x) U supp(y). Then there ex-
ists ¢y and ¢, such that ¢;(g) # 0, i = 1,2, while my, (x) = 0 and mg,(y) = 0.
In particular the product ¢ := ¢1¢, satisfies ¢(g) # 0, while my(x) = mgy, o
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mg, (x) = 0 and mg(y) = mgy, o mg,(y) = 0. In summary my(x +y) = 0 and
hence ¢ ¢ supp(x +y).

(iii) Consider an element ¢ € G which is not in supp(x) - supp(y) and take
open neighborhoods of the identity e € G, 2 and V, such that supp(x) - supp(y) N
gQVQ~1 = @. In particular, for all & € supp(x)~'¢gQ and k € supp(y)Q we
have h~'k ¢ V. Further, the closures X := supp(x*)gQ and Y := supp(y)Q2 do
not intersect. Besides, Lemma 3.4 implies that:

(¢) yP(2) = P(Y)yP((2);
(¢) x*P(g0Q2) = P(X)x"P(g0).

Altogether, the following equality shows that ¢ ¢ supp(xy):

P(gOQ)xyP(Q) = P(gQ)xP(X)P(Y)yP(Q) = P(gQ)xP(XNY)yP(Q) =0.

(iv) If supp(x) = @, then Lemma 3.4 implies that x = P(G)xP(G) = 0. 1

THEOREM 3.7. Consider an action of a locally compact group G ~ Q on an
arbitrary von Neumann algebra and take a closed subgroup H < G.

Then an element x € Q x G belongs to the subalgebra Q x H if and only if its
support is contained in H.

Proof. First, assume that x € Q x H. For all ¢ € G\ H we can find a non-
empty open set O C G such that g2 - Q"' N H = @. By Lemma 3.4, we deduce
that P(gQ)xP(Q2) = 0, so that ¢ ¢ supp(x). Hence supp(x) C H.

Conversely assume that x € Q % G is an element with support contained
in H. In order to show that x € Q x H, we will use Theorem 2.2. This re-
duces our task to check that x commutes inside B(L?(G, H)) with the subalgebra
L®(H\G) C L*®(G) consisting of left H-invariant functions on G.

Given a left H-invariant open set {2 whose boundary has measure 0, we
have equality of the projections P(2) = P(HQ2). By Lemma 3.4, we get xP(Q) =
P(Q)xP(Q). Since x* is supported in H we have x*P(Q2) = P(Q)x*P(Q2). This
shows that x commutes with P(Q) € L%®(H\G).

Claim. The set of functions P(Q2) with (2 as above generates L*(H\G).

Denote by g : G — H\G the canonical projection and by y a quasi-invariant
measure on the coset space H\G. The map f € L*(H\G, u) — foqg € L®(H\G)
is a normal isomorphism. With this identification, the indicator function 1;; of
aset U C H\G is identified with the indicator function 1,1 = P(g Y (u)) €
L2 (H\G).

Moreover, for all open subset U C H\G such that u(oU) = 0, the set (2 :=
g~1(U) C Gisopen, H-invariant and its boundary has Haar measure 0. So we are
left to check that the span of functions 1; for U C H\G such that y(oU) = 0, is
ultraweakly dense in L®(H\G, u). This is a classical fact about Borel measures on
locally compact spaces (see e.g. Proof of (3.33) in [14] and the references therein).

We deduce from the claim that x commutes with £L*(H\G). So as wanted,
we can use Theorem 2.2 to deduce thatx € Q x H. 1
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In the special case where H is the trivial subgroup of G, the above theo-
rem yields Beurling’s theorem ([14], Théoréme 4.9). In particular we stress the
following corollary that we will use several times.

COROLLARY 3.8. Given an element x in a crossed product von Neumann algebra
Q % G, if the support of x is a singleton {g}, then there exists a € Q such that x = aug.

Proof. 1f supp(x) = {g}, then supp(uzx) = {e}. In particular ugx € Q, by
Theorem 3.7. 1

3.2. APPLICATIONS. Before moving on to the proof of our main theorems, let us
mention a few classical results that follow easily from the above properties of the
support.

Our first application concerns a generalization of the so-called Eymard-
Stinespring-Tatsuuma’s theorem ([34], Theorem VIIL.3.9). We start with analyzing
how the support behaves under the co-product map.

Givenanactionc : G ~ Q, put M = Q % G and consider the notations W €
B(L%(G x G,H)) and A = Ad(W*) : M® 1 — M®LG introduced in Section 2.6.
We will view the algebra M®LG as the crossed-product von Neumann algebra
associated with the action o xid : G x G ~ Q:

M®LG ~ Q x (G x G).
In this way it makes sense to talk about the support of an element inside M®LG.

LEMMA 3.9. With the above notations, the following facts hold:
(i) for all x € M, the support A(x ® 1) is equal to {(g,g) : § € supp(x)};
(ii) foralla € Mand b € LG, supp(a ® b) = supp(a) x supp(b).

Proof. (i)Forall¢,p € A(G) the function ¢ x ¢ : (g, h) — ¢(g)(h) belongs
to the Fourier algebra A(G x G) and one easily checks the formula

In particular if ¢ # h € G, we can find ¢, ¢ € A(G) such that (¢ x ¢)(g,h) =
¢(g)(h) # 0, but such that ¢ - = 0 (just take functions with disjoint supports).
By (3.1), we get myxy(A(x ® 1)) = 0 and hence (g,/) does not belong to the
support of A(x ® 1). We thus deduce that the support of A(x ® 1) is contained
in the diagonal of G x G. Further, (3.1) easily implies that if (g, ¢) belongs to the
support of A(x ® 1), then g € supp(x).

Conversely, take ¢ € supp(x), and p € A(G x G) such that p(g,g) # 0.
We show that m,(A(x ® 1)) # 0. Denote by Z(p) the closed ideal in A(G x G)
generated by p. By Lemma 2.9, there exists a function p’ in the closed ideal Z(p)
generated by p which is equal to 1 on some neighborhood U x U of (g, g). If we
prove that m, (A(x ® 1)) # 0, then it will follow that m,(A(x ® 1)) # 0. Hence,
we may replace p with p” and assume that p is equal to 1 on U x U.
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Pick any function ¢ € A(G) supported on U and such that ¢(g) # 0. We
deduce from (3.1) that

Mgxg(Mp(A(x @1))) = M (gyg).p(Ax @1)) = mgxp(A(x ©1)) = Almga (x) @ 1).

Since g € supp(x) and ¢?(g) # 0, the above term is non-zero and hence 11, (A(x ®
1)) 0.

(ii) Take (g,h) € supp(a®b), and ¢, € A(G) such that ¢(g),¥(h) # 0.
Then (¢ x ¢)(g, h) # 0, and we get

mg(a) @ my(b) = mexy(a®@b) # 0.

We deduce that g € supp(a) and h € supp(b).

Conversely, take ¢ € supp(a), h € supp(b) and take a non-empty open set
Q) C G x G. We find non-empty open sets U,V C G such that U x V C (2. By
assumption we know that P(gU)aP(U) # 0 and P(hV)bP(V) # 0, and hence
P(gU x hV)(a®@b)P(U x V) # 0. It then clearly follows that P((g,h) - Q)(a ®
b)P(Q) # 0. This proves that (g, h) € supp(a®@b). 1

We can now prove the following well known generalization of
Theorem VIL.3.9 in [34]. This theorem initially deals with the case of group al-
gebras LG, that is, with the case of trivial actions G ~ C. The proof given in [34]
is rather involved, while an elementary proof relying (implicitly) on the support
already appears in Théoréme 3.34 of [14]. In the case of general actions G ~ Q,
the predual (Q % G)s is not identified with an algebra in general, and hence the
notion of character does not apply anymore. Nevertheless we can still provide an
easy proof relying on the notion of support.

COROLLARY 3.10. Given any action G ~ Q, put M = Q x G and denote by
A: M®1 — M®LG the co-product map defined above. Assume that x € M is an
element such that A(x ® 1) is of the form a ® b for some elements a € M and b € LG.
Then there exist g € G and y € Q such that x = yu.

Proof. We may assume that x # 0. By Lemma 3.9, the equality A(x ® 1) =
a ® b implies that supp(a) x supp(b) is contained in the diagonal of G x G. The
only way this can happen is if supp(A(x ® 1)) is a singleton {(g, ¢)}. In this case,
supp(x) = {g} and the result follows from Corollary 3.8. 1

As an immediate corollary, we deduce the following result.

COROLLARY 3.11. Given any strictly outer action G ~ Q, the normalizer of Q
inside the crossed-product M := Q % G is equal to {aug : ¢ € G, a € U(Q)}.

In particular, two strictly outer actions a; : G; ~ Q;, i = 1,2 of locally compact
groups are cocycle conjugate if and only if the pairs Q1 C Q1 X Gy and Q2 C Q2 X Gy
are isomorphic.

Proof. Take u € Np(Q). Use the notation A : M® 1 — M®LG as above.
We have that A is the identity map on Q ® 1. Hence one easily checks that (1* ®
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1)A(u ® 1) commutes with Q ® 1. In other words,
(W ®1)Au®1) e (QNM)RLG =1® LG.

So there exists b € LG such that A(u ® 1) = u ® b, and we conclude by Corol-
lary 3.10 that u = aug for some a € U(Q) and g € G.

The second part of the statement is routine. The only if part is always true,
even when the actions are not strictly outer, see Corollary 3.6 of [33]. The if part
follows from adapting Proposition 1.7 of [5] to the case of actions of general lo-
cally compact groups. 1

4. CROSSED-PRODUCTS BY ACTIONS OF TOTALLY DISCONNECTED GROUPS

4.1. NOTATIONS AND TOOLS. There are several advantages in working with to-
tally disconnected groups. Fix a locally compact group G and an action G ~ Q
on a von Neumann algebra and put M = Q x G.

Firstly, given a compact open subgroup K < G, one can define a projec-
tion pg := 1gx/mg(K). Note that the net of projections (px)k increases to 1 as
the compact open subgroups K decrease to {e}. Let us mention two elementary
properties of these projections.

LEMMA 4.1. Fix a weight @ € P(Q) and denote by ¥ € P (M) the correspond-
ing dual weight. Consider a compact open subgroup K < G. Then for all a € QK we

have [lapk|l¥ = llalle/ /mc(K).

The proof is an immediate consequence of (2.2).

LEMMA 4.2. Given a compact open subgroup K < G, the map a € QK +— apy €
pr(Q x K)pk is an onto isomorphism of von Neumann algebras.

Proof. This is a particular case of Proposition 5.6. We give a complete proof
of this simpler case for the convenience of the reader. Since px commutes with
QX, it is clear that the map is a normal *-morphism. By the computations given
in Lemma 4.1 above, we see that it is moreover injective. To check that it is onto,
we only need to prove that it has dense image.

Foralla € Q and ¢ € K, we have pg(aug)px = prxapx = E(a)pk, where
E : Q — QK is the conditional expectation. Hence pk(aug)px belongs to the
range of our map, proving the lemma. 1

Secondly, for all open subgroup K < G and any action G ~ Q, there always
exists a faithful normal conditional expectation Ex : Q X G — Q x K such that
Ex(ug) = 1k(g) for all g € G. In the case where K is compact open, one sees that
the multiplier m associated with the function ¢ := 1x € A(G) gives the desired
expectation. In the general case of open subgroups ¢ does not necessarily belong
to A(G) but it is still positive definite and one can use Theorem 3.1.a of [17] to
construct the associated multiplier m.
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An alternative way to construct the expectation Ek is by considering modu-
lar flows as in [21]. With this point of view, it becomes obvious that Ex preserves
the Plancherel operator valued weight: Tg o Ex = Tg.

When G is totally disconnected, one checks that the support of an element
x € M is described as follows:

(4.1) supp(x)={g€G : Ex(ugx) #0 for all compact open subgroups K< G}.

NOTATION 4.3. Given a compact open subgroup K of a group G and a set
S C G/K, we denote by lift(S) a set of representatives of S inside G. This means
that for all ¢ € lift(S) we have gK € S and for all s € S there exists a unique
element g € lift(S) such that gK = s.

LEMMA 4.4. Consider a compact open subgroup K < G. Given an element x € M
with compact support, the map g — ugEx (ugx) is right K-invariant on G and compactly
supported. Moreover,

x= ), ugEx(ugx).
€lift(G/K)

Proof. Fix S C G/K a finite set such that the support of x is contained in
lift(S) - K. The function ¢ = 1j(5)x € A(G) is equal to 1 on a neighborhood of
the support of x, so by Lemma 3.5, we have that x = my(x). Moreover, ¢ can be
decomposed as ¢ = ¥ 1g(g~!:). One easily checks that the corresponding

g€lift(S)
multiplier satisfies

My = 2 ugEK(u;).
gelift(S)

We leave the rest of the proof to the reader. 1

Although we will not use this fact, let us mention that for a general element
x € M, a K-decomposition as above still makes sense. In this case the sum that
appears is infinite but it converges in the Bures topology associated with the in-
clusion Q x K C Q x G, with expectation Ex. We refer to Section 2 of [10] or to
the original book [9] for the definition of the Bures topology.

4.2, STRICTLY OUTER ACTIONS. The following proposition is proved by combin-
ing the “Fourier coefficient approach” used in the setting of discrete groups with
Lemma 2.6 about actions of compact groups.

PROPOSITION 4.5. Consider a properly outer action of a totally disconnected lo-
cally compact group o : G ~ Q. The action o is strictly outer if and only if G admits a
compact open subgroup that acts minimally.

In that case any unitary u € Q X G normalizing Q is of the form aug for some
acQ,g€G.
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Proof. Assume that o : G ~ Q is strictly outer. Then one easily checks
from the definitions that o is properly outer. Moreover, the restriction of ¢ to any
compact subgroup is strictly outer and thus minimal by Proposition 6.2 of [37].

Conversely, assume that o : G ~ Q is properly outer and admits a compact
open subgroup Ky that acts minimally. Note that any subgroup K < Ky acts
minimally as well, and hence in a strictly outer way.

Put M = Q x G and take a non-zero element x € Q' N M. By Proposition 3.8
we only need to show that the support of x is the singleton {e}. The support of
x is non-empty by Corollary 3.6(iv). Take ¢ € supp(x). For all compact open
subgroups K < Ko, put agx := Ex(ugx) € Q x K. Since g € supp(x), these
elements ag are non-zero.

By minimality, for all K’ < K < K, we have

4.2) agax € Q'N(QxK) =C.

When K = K’ this relation tells us that ag is a (non-zero) multiple of a unitary
element. Then (4.2) further implies that all these unitaries are proportional to
each other. In particular, for all K < Ky, ag, is proportional to ax € Q x K.

We conclude that ag; is contained in Q x K, for all K < Ky. Hence its support
is equal to {e}, implying that ag, € Q. Moreover, ak, satisfies

ag,x = g1(x)ag,, forallx € Q.

Since the G-action is properly outer, this gives ¢ = ¢, as desired. The statement on
the normalizer then follows from Corollary 3.11 (although this could be checked
directly by similar computations on the support). 1

4.3. INTERMEDIATE SUBFACTORS. We now turn to the question of determining
all intermediate subfactors Q C N C Q x G. In order to establish our main
result Theorem 1.2, we will need to be able to compute relative commutants of
the form (QX)" N Q x G for small compact open subgroups K < G. This forces us
to strengthen our assumptions on the action.

DEFINITION 4.6. Given a subgroup K of G we will say that the action G ~
Q is properly outer relative to K if the following holds: the only elements g € G for
which there exists a non-zero a € Q such that o (x)a = ax forall x € QK are the
elements of K: g € K.

Note that an action is properly outer if and only if it is properly outer rel-
ative to the trivial subgroup. We will provide examples of relatively properly
outer actions in the next section.

LEMMA 4.7. Consider an action 0 : G ~ Q of a totally disconnected group G
which is properly outer relative to a compact open subgroup K < G. Put M = Q x G.
We have

QXY "M c QxK.
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Proof. Take x € (QX)" N M. We show that supp(x) C K. Fix ¢ € supp(x),
so that Eg(ugx) # 0. Since the net (py ). converges strongly to 1 when L ™\, {e},
we can find a compact open subgroup Ly < G such that py Ex(ugx)pr, # 0.
Define L1 = LgNKN gKg_1 and L := () hL;h~!. Since L, is open, it
hekK
has finite index inside K, and hence the intersection defining L is in fact finite.

We conclude that L < K is an open subgroup which is moreover contained in
LoNKNgKg™!. In particular py > py,, so that ppEg(ugx)py # 0. Since L is
normal inside K, the projection p;, commutes with uy, forallh € K. By Lemma 4.4,
we have

prEc(ugx)pr = ), pumEr(ugx)pr= ), wpprEr(ug,x)pr.
helift(K /L) helift(K/L)

The non-vanishing of this sum implies that there exists 1 € K such that X :=
pLEL(ughx)pL is non-zero.

Since L < KN gKg™!, we have that QK ¢ QL and o, (QK) = Q$K¢" < QL.
Hence for all b € QK, the two elements b and 0, (b) commute with p;. It follows

Xb = pLEL (ug,xb)pr = prEL(ug,bx)pr = prog(b)EL(ug,x)pL = 0g(b)X.

By Lemma 4.2, pr(Q x L)pr = Qlpy, so there exists a unique (non-zero)
a € Q such that X = ap;. By uniqueness, we see that a satisfies ab = og(b)a for
all a € QK. We conclude that ¢ € K, and hence supp(x) C K. By Theorem 3.7 we
havethatx € Q x K. 1

PROPOSITION 4.8. Consider an action o : G ~ Q of a totally disconnected group
G which is properly outer relative to a compact open subgroup Ky < G whose action is
minimal. For all open subgroup K < Ko, we have (QX)’ "M = LK C Q x K.

Proof. Fix x € (QX)’ N M. By Lemma 4.7 applied to Ky, we see that x €
Q x Kj. Since Ky acts minimally, the result follows from Lemma 2.8. 1

In order to prove Theorem 1.2, we will use a convex combination argument.
The following lemma will be needed.

LEMMA 4.9 ([20], Lemma 4.4). Consider a von Neumann algebra M, a weight
© € P(M), and a o-weakly closed convex subset C of M.

If C is bounded both in the operator norm and the || - ||g-norm, then Ag(C) is
|| - |le-closed in L2(M, ®).

Proof of Theorem 1.2. Fix an intermediate subfactor Q C N C M. Set H :=
{§ € G:ug € N}, sothat Q x H C N. Take xg € N. We will show that the
support of xg is contained in H. This will conclude by Theorem 3.7.

Denote by Tr a normal faithful semi-finite trace on Q, and denote by ¥ €
P(M) the corresponding dual weight.
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Step 1. For all compact open subgroups K < Ky, all ¢ € G and all finite
trace projection g € QX, if there exists x € N such that gpxE K(u;ix)qpk # 0, then
ugqpx € (N)1pk-

Fix K < Ko, g € QX, x € Nand g € G such that qpkEx (ugx)qpx # 0.
Put x' 1= 04(q)xq € N. We have pxEx(ugx')px = qpxEx(ugx)qpx # 0. By
Lemma 4.2, there exists a unique a € QK such that pKEK(u;;x’ )px = apk. Note
that a € gQq. The element y := og(a*)x" € o(q)Nq satisfies pxEx(ugy)px =
a*apx # 0. Lemma 4.1, implies that

lal|% # o.

1
me(K)
Denote by C C N the ultraweak closure of the convex hull

Co = conv({og(u)yu* : u € U(qQ%q)}).

We proceed as in the proof of Theorem 4.3 (5) = (6) in [20] to show that Cpxk
is bounded in || - ||g-norm, except that we have slightly weaker assumptions.
Since Q is contained in the centralizer of ¥, it is clear from the triangle inequal-
ity that || Xpk|lv < ||lypkllw for all X € Cy. Now if X € C is arbitrary, take a
net (Xj)je; C Co that converges ultrastrongly to X. Then (X7 Xj)je; converges
ultraweakly to X* X, and since ¥ is lower ultraweakly semi-continuous (see The-
orem VII.1.11.(iii) of [34]) we get that

¥ (pxugypr) = ¥ (prEx (ugy)px) =

IXpxll§ = ¥(pxX*Xpx) < tim inf ¥ (pic Xj Xjpx) < lypkll%-

Note moreover that ||ypk|ly < +oo since y = yq and gpx € ny(M). Thus the
ultraweakly closed convex set Cpxg C M is bounded both in the operator norm
and in the || - |[g-norm and we can apply Lemma 4.9 to it. In particular we can
find z € C, such that zpk is the unique element of Cpg with minimal || - ||-norm.
Note however that z itself needs not be unique.

Let us check that such an element z € N satisfies zpg # 0. First, since
gpx € ny(M), ¥ (qpk - pxq) is a bounded normal linear functional on M, which
is constant on u;‘CO. Hence it is constant on uZ,C . It follows:

¥(gpxugzpkq) = Y (qpxugypxq) = ¥ (prug(og(q)yq)px) = ¥ (pxugypk) # 0.
So we indeed find that zpg # 0.

Note also that Cpg is globally invariant under the affine action U (qQXq) ~
o(q)Mq given by u - X := og(u)Xu*. Since ¥ centralizes Q, this action is || - ||y-
isometric, so it fixes zpk. Equivalently, we have ugzpk € (qQ%g)’ N M. Moreover
ugzp belongs to gMg. By Proposition 4.8, we have that (qQ%q) NgMg C qLK,
so ugzpk € qLKpk. Since the projection pk is both central and minimal inside LK,
there exists a non-zero scalar A € C such that

(4.3) Uugzpg = Aqp.
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We obtain that ugqpx = (z/A)pkx € Npgk. Unfortunately we do not have, a priori,
any control on how small |A] is, so z/A could have a very large operator norm.
To get around this issue, we would like to identify polar parts, but we need extra
commutations properties. We apply the convex combination argument a second
time.

Arguing as above, one can find an element z; € C’, where C’ C C is the
ultraweak closure of conv({cg(u)zu* : u € U(9QXq)}) C N, such that zizpx is
the unique element in (C’)*zpg with minimal || - ||g-norm. Note that (C’)*zp is
nothing but the ultraweakly closed convex hull of {uz*zpxu* : u € U(qQ%q)}.
Then z; enjoys the following properties:

(i) z1 € N and z;px = zpk, because for all u € U(gQKq), og(u)zu*px =
og(u)zpxu* = zpg; in particular z; px # 0.

(i) zizpx € (9Q%q)’ N gMg, by uniqueness of a | - ||y-norm minimizer inside
C'zpk. Hence Proposition 4.8 gives that zjzpx = A'qpg for some non-zero scalar
A eC.

In particular the above facts give pxzizipx = pxzizpxk = Aqpk and A/
follows positive. Hence the equality zjz1px = A'qpx = (A qpk)* = pkz;z1 shows
that zjz; commutes with pg. Write the polar decomposition z; = u|z;|, with
u € N apartial isometry and |z1| = (z}z1)!/2. Note that uqp is a partial isometry
since qpx commutes with z7z; (recall that z; = z;4).

We have: z;px = u|z|px = VA'ugpk. Combining this with (4.3), we get

Algqpx = ZpK = Z1PK = VN ugp.
Hence u¢qpk and ugpy are proportional partial isometries; they have to coincide,

ugqpx = (uq)px € (N)1px-

This proves Step 1.

Step 2. For all compact open subgroups K < Ky and g € G, if there exists
x € N such that pxEx(ugx)px # 0, then ugpx € (N)1pk.

Fix a subgroup K < Ko, g € G and x € N such that pxEx (ugx)px # 0.

Since K acts minimally on Q and QKis with expectation inside Q, Lemma 5.1
of [7] implies that the trace Tr is still semi-finite on QK. Denote by (g;)cr an in-
creasing net of projections in QX with finite trace that converges to 1. Then there
exists ig € I such that for all i > i, we have that g;pxEx (u3x) pxqi # 0.

By Step 1, we deduce that for all i > iy, there exists y; € (N); such that

(4.4) UgiPK = YiPK-

Denote by y € (N); an ultraweak limit of the net (v;);c;. Then taking the corre-
sponding limit in (4.4) gives u¢px = ypk, as desired.
Step 3. The support of x( is contained in H.
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Take g € supp(xp). Fix a compact open subgroup K < Ko. Then Ex (ugxp) #
0. As the net of projections (pr ) <g, converges strongly to the identity when L \
{e}, we have p Ex (ugxo)pr # 0 for all small enough compact open subgroups L.

Take a normal open subgroup L < K, so that p; commutes with u, for all
g € K. By Lemma 4.4, we can write

pLEx(ugxo)pr = ), prupEr(ujEx(ugxo))pr
helift(K /L)

= ). unprEr(ug,xo)pr.
helift(K/L)

For all small enough compact open subgroup L < G that is normal inside K,
since the above sum is non-zero, we can find h; € K such that py Ey, <”§hL Xo)pL #
0. Applying Step 2 to L, ghy and xg, we find an element z; € (N); such that
Ueh PL = ZLPL-

Note that there exists a net (L;); of compact open subgroups of G which are
all normal in K and form a neighborhood basis of e € G. This comes from the fact

that any open subgroup L < K has finite index inside K, so that (| hLh~!is an
hekK
open normal subgroup of K, contained in L. By compactness of K and (N); (for

the weak operator topology), there exist subnets of (h,); and (zr,); that converge
to elements 1 € K and z € (N);, respectively. Taking ultraweak limits, we get
that

Ugp = lilm”ghLi pL, = lilmle.pLi =z €N,

because the net of projections (pr )1 converges ultrastrongly to the identity. Hence
gh € H, and we conclude that gK N H # @.

As K can be arbitrarily small and H is closed, we conclude that g € H. This
finishes the proof of Step 3. Now the theorem follows from Theorem 3.7. 1

4.4. EXAMPLES OF ACTIONS.

PROPOSITION 4.10. Let G be a totally disconnected group with a compact open
subgroup K < G such that (| gKg~' = {e} (let us call such a subgroup K eventually
g€G

malnormal). Take a IIy-factor Qo, with trace ty. The following G-actions satisfy the as-
sumptions of Theorem 1.2, so they are strictly outer and satisfy the intermediate subfactor
property.

(i) The Bernoulli action G ~ (Qo, 70)®C/X obtained by shifting indices.

(ii) The free Bernoulli action G ™~ *gk(Qo, T0);

Proof. Let us first check separately the minimality condition on the K-action
for each case. -

(i) Put Q = ng) G/ Since K is eventually malnormal inside G, it acts faith-
fully on G/K and hence on Q. Since K is compact open in G it is commensurated,
and hence it acts on G/K with finite orbits. Let us denote by O, j € ] these orbits
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and by Q; := Q? ) Example 2.7 shows that for all j, the fixed point algebra
Q]I-< C Qj is an irreducible subfactor. Since QK contains @Q]K, it is irreducible
j€l
inside Q = ®Q;. So K acts minimally.
j€l

(if) Put Q = *g,xQo- Again, since K is not normal inside G, it acts faithfully
on Q. Because of the free product situation, it is clear that the copy of Q located
at the label K € G/K is irreducible inside Q. Moreover this algebra is contained
in QK, so K acts faithfully.

We now check the relatively properly outer condition simultaneously for
both situations. Take ¢ € G \ K and decompose Q as a product

Q= QVEQF TP (or Q= )« @ < P),

where Q(()K) and Q(()gK) are the copies of Qg in position K € G/K and gK € G/K
and P is the tensor product (or free product) of all the remaining copies of Qp.

In both the tensor situation and the free situation, one easily checks that for
all nets (uy), C U (Q(()K)) and (v,), C U (Q((JgK)) that converge weakly to 0, and
foralla,b € Q, one has

lim t(u,av,b) =0, where 7 is the trace of Q.
n

Assuming that there exists a € Qq such that o¢(x)a = ax forall x € QK, we take

for (uy)n C U (Q(()K)) C U(QX) any net of unitaries that converges weakly to 0,
and we set v, = 0g(uy). We get

llall. = lim T(upa*auy,) = lilgnr(una*vna) =0.
Hence a = 0, as desired. 1

More generally, one can easily check the relative outerness condition in The-
orem 1.2 when the action has a large commutant thanks to the following fact.

LEMMA 4.11. Consider an action G ~ Q and a closed subgroup K < G whose
action is minimal. Assume that the centralizer I of G in Aut(Q) satisfies: for all x €
Q\ C, there exists v € T such that y(x) ¢ Cx.

Then the action is properly outer relative to K if and only if the only elements of G
acting trivially on QX are the elements of K.

Proof. The only if part is trivial. Conversely assume that K is precisely the
set of elements of G that act trivially on QK. Take ¢ € G such that there exists a
non-zero a € Q satisfying o (x)a = ax for all x € QK. Since K acts minimally, we
can assume that 4 is a unitary. For all automorphism y € I', we have

og(v(x))v(a) = y(a)y(x), forallx € Q.
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Moreover, using again that 4 commutes with the G-action, we see that 'y(QK) =
QX, and the previous equation reads as

og(x)y(a) = y(a)x, forallx e QK.

In particular, we find that a*y(a) € (QX)" N Q = C. Hence for all y € I, we have
v(a) € Ca. By our assumption on T, this leads to @ € C, and hence g fixes QX
pointwise. Thus ¢ € K by assumption. 1§

Note that the condition on the centralizer I" in the above lemma is fulfilled
as soon as I" admits a subgroup I that preserves a state on Q, and such that Q0 =
C. Moreover, if Q is a II;-factor the trace is invariant under any automorphism,
and hence only the second condition needs to be verified.

We deduce the following result in the spirit of Vaes” examples ([38], Theo-
rem 5.1).

COROLLARY 4.12. Fix a totally disconnected group and a compact open subgroup
K < G. Consider any faithful action G ~ Qg on a Il;-factor such that

{§ € G:gpx=id} =K.

Then the diagonal action G ~ (Q, T) := (Qo, 70)®N satisfies the assumptions of
Theorem 1.2.

Proof. The K-action on Qg being faithful, Theorem 5.1 of [38] implies that it
is strictly outer, and hence minimal. Moreover the centralizer I" of such a diagonal
action contains all shift automorphisms obtained by permuting indices. Hence
the condition on I appearing in Lemma 4.11 is satisfied (see the comment after
Lemma 4.11).

Thus the result follows from Lemma 4.11. 1

REMARK 4.13. Note that the Bernoulli shift action G ~ Q((]X’ G/K 3s in Lem-
ma 4.10 is sometimes a special case of diagonal action as in Corollary 4.12. For
instance this happens if Qy is the hyperfinite factor. However it is not clear why
this should be the case when Qy is a prime factor. Hence even the strict outerness
for such actions does not follow from Theorem 5.1 of [38].

Before moving to the next section, let us briefly explain how to adapt our
argument to cover some actions on type III factors.

REMARK 4.14. Let G be a totally disconnected group and let K < G be an
eventually malnormal compact open subgroup, see Lemma 4.10. Let Qg be an
arbitrary diffuse factor admitting a faithful normal state ¢y with large centralizer
(meaning that (ng)’ N Qo = C). Then the Bernoulli shift G ~ (Qp, ¢)®/K
satisfies the intermediate subfactor property.

Let us briefly explain. Denote by (Q, ¢) := (Qo, $o)®C¢/K. Then the central-
izer Q% of ¢ is irreducible inside Q, and it is invariant under the G-action. One
can show that for all compact open subgroup L < G which is a finite intersection
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of conjugates of K, the fixed point algebra Q; := (Q?)" satisfies Q} N (Q x G) C
L(L). This is done by following the proof of Lemma 4.7, and by noting that the
action is properly outer relative to L.

Therefore one can use the averaging argument from the proof of Theo-
rem 1.2 but instead we average with elements in ¢/ ((Q?)%) for small groups L
as above. Note moreover that in this case since ¢ is a state (and not a weight), one
does not need to bother with the projection g appearing in Step 1 of the proof of
Theorem 1.2.

In fact the above remark also applies for free Bernoulli actions with weaker
assumptions on (Qy, ¢p), but we will not elaborate on this.

5. EXISTENCE OF CONDITIONAL EXPECTATIONS AND OPERATOR VALUED WEIGHTS

In this section we discuss various results about existence (or non-existence)
of conditional expectations and operator valued weights in connection with the
article of Izumi, Longo, and Popa [22].

Let us start our discussion by investigating the existence of conditional ex-
pectations/operator valued weights for pairs of the form Q x H C Q x G associ-
ated with closed subgroups H < G.

5.1. PROOF OF THEOREM 1.6. Let us start with two lemmas which rely on the
notion of support.

LEMMA 5.1. Consider two actions G ~ Q and G ~ P and the diagonal action of
G on Q®P. If the action G ~ Q is strictly outer, then

Q' N ((Q®P) x G) = P.
Proof. Embed G into G x G diagonally. Then M := (Q®P) x G is identified
with a subalgebra of M := (Q®P) x (G x G). Note that

QNM=~(QN(QxG)BPxG)=Cx(PxG).

In particular any element x € Q' N M, viewed as an element of M has its support
contained in the diagonal subgroup of G x G (because x € M) and in {e} x G
(because x € Q' N M). So such an element x has its support contained in the
trivial group. By Corollary 3.8, we get x € Q' N (Q®P) = P, as wanted. 1

LEMMA 5.2. Consider an action G ~ Q on an arbitrary von Neumann algebra
and put M = Q x G. Take a weight @ € P(Q) and denote by ¥ € P (M) the corre-
sponding dual weight.

For any non-zero x € ny (M), the support supp(x) has positive Haar measure
inside G.
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Proof. We will use the description of the dual weight relying on the Hilbert
algebra approach, [16]. According to this approach, given the weight @, there
exists a left Hilbert algebra A satisfying the following properties:

(i) the Hilbert completion of Ag is isomorphic to L?(G,H) and the left von
Neumann algebra L(Ag) is identified with Q x G;

(ii) the dual weight ¥ corresponds to the canonical weight on L(Ag) asso-
ciated with the Hilbert algebra Ag;

(iii) for any @-right bounded vector 7 € H and any f € K(G), the function
fn € K(G,H) defined by fy : ¢ — f(g)n is a right bounded vector for Ag. The
corresponding operator 7t (f1) is given by

G1) m(f)EQ) = /(ﬂr(ﬂ)(fs(ﬁ(gS)))f(S_l)dS/ forall§ € L*(G, M), g € G,
G

where 7, (1) denotes the operator on H = L?(Q, ®) associated with the right
bounded vector . Here we follow [17] and use the uniqueness of the standard
form to identify canonically H with L?(Q, ®).

Now take a non-zero x € ny(M). By the above facts and Chapter VIL.2 of
[34], there exists a non-zero left bounded vector & € L2(G, H) such that x = (&)
(that is, x is the operator extending the left multiplication by ¢). We claim that the
support of ¢ as a function in L2(G, H) is contained in the support of x. In fact the
equality holds, but we clearly only need this inclusion to deduce the lemma.

Take g € G in the function support of ¢. Take an open neighborhood (2 C G
of the identity element e. We have to show that P(¢Q)m (&) P(Q2) is non-zero. For
all f € £(Q) and all @-right bounded vector 7 € H, we have

P(g2)m(S)P(Q)(fn) = P(g2)m(S)(f1) = P(§OQ) ().

We now check that for a suitable choice of f and # the above quantity is non-zero.

Since g is in the function support of §, there exists 779 € H such that g2 N
{h € G:(&(h),no) # 0} has positive measure. Since the set {7t,(11) 172 : 71,12 €
H, P-right bounded} is dense inside H, we may find two ®-right bounded vec-
tors 71,172 € H such that 71.(171)*72 is sufficiently close to 7y so that the set
g0 Nn{h € G : (¢(h), m(11)*n2) # 0} has positive Haar measure. In particu-
lar, the function ¢ € L?(G,H) defined by h +— 7,(11)&(h) satisfies P(¢Q) # 0.
Put C i= | P(EQ)Z2 > 0, = ()|

For f € K(G), denote by f the function  + f(h~1). For all non-negative
function f € K(G) such that [ f = 1 we have, by (5.1),

G

A:

172 (f111)& — ClI3 :/Il(ﬂr(fm)é)(h) = ())*dn

G
./ | / F(8)7t: (1) (05 (E(hs)) — C(h))dSHZdh
G G
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< [ ([ £ lmetm) (@ hs)) — €)1 dts)” an

G G
=02 [ 0@ ) ~ Sl ler(c(ne)) — £ ds e
GxGxG
<D [ FfDl66(s)06(5)(E) ~ Elllda(t) oo (1)(@) ~ ¢l ds d
GxG
= (0 [ £6)d6(5) s ()(@) ~ €l ds)
G

where p¢ is the representation defined in (2.1). Since pg is a continuous repre-
sentation and J; is a continuous function on G, we get that if f is supported on
a small enough neighborhood of e, then ||77:(f#1)& — {2 < C/2. By definition of
C we get:

IP(g)7e(fin)E ]l = IIP(Q)CI| — I (fn)E — ¢l =

So there indeed exists a ®-right bounded vector 77; and a function f; = f which
is supported on (2 such that

P(g0)xP(Q)(fim) = P(&Q)m(Z)(fim) #0.

Proof of Theorem 1.6. We prove the two facts separately.

(i) First assume that the modular functions g and dy coincide on H. Then
by Theorem 3.2 of [16], for any weight @ € P(Q), the dual weight ¥ € P(Q x
G) and ¥y € P(Q x H) satisfy

N0

(T;FG(JC) :JF,”(x), forallx e Q x H,t € R.

Therefore there exists a nfs operator valued weight T € P(Q x G,Q x H) by
Theorem 5.1 of [19].

Conversely, assume that P(Q x G,Q x H) is non-trivial. By Theorem 5.9
of [19], and Remark 2.3 we deduce that there exists an operator valued weight
T € P(M,M), where M = Q x Gand M = (£L®(G/H)®Q) x G (because M is
isomorphic to the basic construction of Q x H C M).

Our intermediate goal is to deduce that there exists a G-invariant nfs weight
on A := L%(G/H). Unfortunately, we do not know a priori that T is semi-finite
on A. To get around this issue we will exploit the fact that the action is strictly
outer and use modular theory.

Let us consider the following operator valued weights in P (M, Q):

(o) Ty := Tg o T, where Tg € P(Q % G, Q) is the Plancherel operator valued
weight;

(0) Ty := (p®id) o Tg, where Tg € P(M, A®Q) is the Plancherel operator
valued weight and ¢ ® id € P(A®Q, Q) is the tensor product operator valued
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weight associated to some weight ¢ € P(A) and the identity map on Q (see
Theorem 5.5 of [19]).

Fix ¢ € P(A). By Lemma 5.1, we have that Q' N M = A, hence the Connes—
Radon-Nikodym cocycle (DT; : DT¢)t in the sense of Definition 6.2 in [19] takes

values into A, and it is a 1-cocycle for the flow UtT ?. By construction, for any
weight i € P(Q), the weight ¢ o Ty is simply the dual weight associated to

P19 € P(A®Q). Hence (UtT a = (T;P = id, since A is abelian. We conclude
that (v;); := (DTy : DTy); is a one parameter subgroup of unitaries of A.

By Théoreme 1.2.4 of [13], there exists a nfs weight ¢’ € P(A) such that
(D¢’ : D¢); = v; forall t € R.

Claim 1. The weight ¢’ is G-invariant.

We will denote generically by the letter ¢ all the G actions. We fix g € G and
show that the Connes-Radon-Nikodym derivative (D¢’ o oy : D¢'); is equal to 1
for allt € R. We have

(52) (D¢’ ooy :D¢')y = (D¢’ 00y : Dpog)i(Dpoay: DP)i(D¢ : DP')y.

By Lemma 2.4, we have that (D¢’ o0y : Dpoog); = O'g_l((ng/ :D¢)t) = ag_l(vt).
Hence (5.2) becomes

(5.3) (D' o0g: DP')y = ag_l(vt)(D<p o0y : D)oy

We will show that the right hand side above is equal to 1 by computing all
the terms in the equality

(5.4) (DT : DTy); = (DTY : DT§)¢(DTy : DTy)(DTp : DT1)s.

Here we denoted by T‘lg (respectively Tg ) the operator valued weight - ToTyo
Ad(ug) € P(M, Q) (respectively Ugl o Ty o Ad(uy)).

Take a weight ¢y € P(Q). By definition of the Connes-Radon-Nikodym
derivative for operator valued weights, we have

(DT§ : DT§)s = (D(po T§) : D(po Ty))i

= (D(po 0.;1 oTy)oAd(ug) : D(¢po 0.;1 o Typ) o Ad(ug)):

=0, '((D(poog ' oTy) : D(pooy ' oTy))) =0y ' ((DTy : DTy)e) ]
where the third equality follows from Lemma 2.4. Hence (5.4) becomes

(5.5) (DT} : DTy); = o ' (01) (DT : DTy)s0;.

Now ([17], Theorem 3.1) is easily seen to imply that Tj' = 5 (g)Ty while Tj =
66(8) Tpooy- So (DT§ : DTh)s = 66(g)" and

(DT} : DTy)t = 66(8)" (DTpoo, : DTp)t = 6(8)" (D¢ 0 0g : D).
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Altogether, (5.5) can be rewritten

(5.6) 56(8)" = o M (01)dc(8)" (D¢ o 0y : D)oy
And we see that the right hand side of (5.3) is equal to 1, proving Claim 1.

Recall that A = £L*(G/H) is the subalgebra of right H-invariant functions
inside L*(G). Denote by g : G — G/H the quotient map. The formula B C
G/H — ¢ (1,-1(5)) defines a measure v on the Borel c-algebra of G/H. This
measure is G-invariant and non-zero (because ¢’ is faithful).

Claim 2. The G-invariant measure v is finite on every compact set of G/ H.

Since ¢’ is semi-finite (and faithful), there exists a Borel set B C G/H such
that 0 < v(B) < co. Take a compactly supported non-negative function on G,
f € K(G), f #0. Then the function f * 15 defined as follows is continuous:

(f *1p)(xH) /f )1p(g 'xH)dmg(g), xH € G/H.

By Fubini-Tonelli’s theorem, we have the key equation

[ Grtydv=[ [ f(g)1alg "xH) dmg(g) dv(xH)

G/H G/H G

—/f v(gB) dmg (g /fde

This key equation tells us first that the continuous non-negative function f * 15 is
non-zero. So there exists an open set U C G/H and & > 0 such that 17 < a(f *
1p). The key equation also tells us that f * 15 is v-integrable, and in particular,
v(U) < oo. Since any compact set K C G/H can be covered by finitely many
translates of U, Claim 2 follows.

By Corollary B.1.7 of [4] we deduce from the existence of v that the modular
functions d¢g and é must coincide on H. This proves (i).

(if) As mentioned earlier in the paper, if H is open inside G, then the indi-
cator function 1 is continuous and positive definite on G. Then the associated
multiplier (see Theorem 3.1.a of [17]) gives the desired conditional expectation
from Q x G onto Q x H.

Conversely, assume that H is not open inside G. If the modular functions
éc and 6y do not coincide on H, then part (i) ensures that there is no nfs op-
erator valued weight from Q X G onto Q x H, and in particular, no conditional
expectation.

Assume now that the modular functions do coincide. Fix a nfs weight @ €
P(Q), and denote by ¥y € P(Q x H) and ¥5 € P(Q x G) the associated dual
weights. As we saw in the proof of (i), Theorem 5.1 of [19] implies that there exists
an operator valued weight T € P(Q x G, Q x H) such that ¥y o T = ¥;. As the
inclusion Q x H C Q x G is irreducible, it suffices to show that T is unbounded,
by Theorem 6.6 of [19].
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Fix an element f € K(H,Q). Note that since H is not open inside G it
has measure 0 inside G. Indeed for any positive measure Borel set A inside G,
the product A~'A contains a neighborhood of the identity. In particular, since
supp(f) C H, Lemma 5.2 implies that f ¢ ny_(Q % G). In contrast, f € ny,, (Q X
H), and hence the expression ¢ := ¥y (f* - f) defines a normal positive linear
functional on Q x H. We have

T()(¢r) =roT(1) =¥y o T(f*f) = ¥c(f7f) = +oo.

Hence T(1) € @ +\Qx H, and so T is not bounded. The proof is com-
plete. 1

5.2. WHEN CONDITIONAL EXPECTATIONS DO EXIST. APPLICATIONS TO HECKE
PAIRS. Before proving Theorem 1.7, let us mention that the argument of Choda
applies beyond the setting of discrete groups.

THEOREM 5.3 ([11], Theorem 3). Consider a strictly outer action G ~ Q of a
locally compact group and take a von Neumann subalgebra N C Q % G that contains Q
and that is the range of a faithful normal conditional expectation Ey : Q X G — N.

Then N is of the form Q x H for some open subgroup H of G.

Proof. As usual, consider the closed subgroup H of G defined by H = {g €
G : ug € N}, sothat Q x H C N. Let us show that the converse inclusion also
holds.

Since N contains Q, we have uzEy (ug) € Q'N(Q % G), forallg € G. Asthe
action is strictly outer, we deduce that for any ¢ € G, Ex(uy) is a scalar multiple
of Ug. If this scalar multiple is non-zero, this means that ug € N, and hence the
scalar in question must be 1. So we obtain the following computation:

En(aug) = 1ieepyaug € Qx H, foralla€ Qandg € G.

Since Ey is normal we deduce by linearity and density that Ex(Q x G) C Q x H.
Thus N C Q x H, and we have equality. The fact that H is open follows from
Theorem 1.6. 1

We now mention a lemma that provides existence of conditional expecta-
tions. It follows from the main technical result of [22]. Note that we need a sepa-
rability assumption.

LEMMA 5.4. Consider a compact open subgroup K < G in a locally compact
group. Let ¢ : G ~ Q be a strictly outer action on a factor with a separable predual
and put M := Q x G,N := Q x K. Then any intermediate von Neumann algebra
N C L C M is the range of a normal faithful conditional expectation Ey : M — L.

Proof. We show that N C M satisfy the assumptions of Corollary 3.11 in
[22]. Observe that the inclusion N C M is irreducible since the action of G is
strictly outer. As mentioned earlier in the paper, since K is open inside G, there
exists a conditional expectation E = Ex from M = Q x Gonto N = Q x K.
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By Remark 2.3, the basic construction M; of the N C M is isomorphic to
(Q®¢*(G/K)) x G, where G acts diagonally. The embedding M C M; is given
by aug — (a®1)ug foralla € Q, ¢ € G. Note that G/K is discrete since K is open.
By Lemma 5.1, we have Q' N M; = (®°(G/K). Hence, the relative commutant
N°¢ := N’ N M; is isomorphic to the von Neumann algebra of K-bi-invariant maps
(*(K\G/K).

We represent faithfully M; on H ® ¢2(G/K) ® L?(G) in the obvious way. In
this picture, the Jones projection ey is the orthogonal projection onto H ® Cdg ®
L%(G) where d is the Dirac mass of the coset K € G/K. Consider the dual oper-
ator valued weight E € P(M;, M) of E. We have that E(ey) = 1 by Lemma 3.1
of [24]. This implies that E(lKgK) = [K : KN gKg™1], where 1kgk is the charac-
teristic function of KgK,g € G. Since K < G is a compact open subgroup, the
index [K : KN gKg™!] is finite for any ¢ € G and thus the operator valued weight
T := E o E is semi-finite on N°. Given any weight § € P(N), Theorem 6.6 of [19]
states that the restriction 0?°T |yc of the modular flow associated to 8 o T to N€ is
equal to the modular flow of the restriction of # o T to N°. Therefore, o/ (x) = x
forany t € R,x € N€ since N° is commutative. Hence, the pair N C M indeed
satisfies the assumptions of Corollary 3.11 in [22], which implies the lemma. 1

Proof of Theorem 1.7. This follows immediately by combining Theorem 5.3
and Lemma 5.4. 1

Let us now derive applications to the setting of crossed-products by Hecke
pairs of groups. By definition, a Hecke pair is a pair of groups (G, H) such that H
is a subgroup of G which is commensurated (or almost normal) in G, in the sense
that H8 := H N gHg ! has finite index in H and gHg ! for all g € G. We refer
to [2] and [8], [30] for more details on facts below. See also [3] in the context of
equivalence relations.

A typical example of a Hecke pair (G, H) arises when G is a subgroup of
the automorphism group of a locally finite connected graph I" and H is the sub-
group of elements of G that stabilize a given vertex of I'. In fact, this example is
somewhat generic, see Theorem 2.15 of [1].

A Hecke pair (G, H) admits a Schlichting completion (G H) that is a new
Hecke pair, for which G is a totally disconnected group and H is a compact open
subgroup of G. The precise construction goes as follows: view G as a subgroup of
SG/m, the permutation group of G/H. Endow S¢, i with the topology of point-
wise converge (where G/ H is viewed as a discrete space), and define G (respec-
tively H) to be the closure of G (respectively H) inside Si /. The idea of using
the Schlichting completion to study operator algebras of Hecke pairs goes back
to Tzanev [36]. The key observation is Proposition 5.6 below.

We will say that an action G ~ Q is an action of the Hecke pair (G, H) if it
extends continuously to an action of the Schlichting completion G. The action
is strictly outer if its extension to the Schlichting completion is strictly outer. Let
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us define the crossed-product von Neumann algebra associated with such an ac-
tion. The construction generalizes that of C*-algebras associated with Hecke pairs
(which correspond to the trivial action G ~ C), which originate in [6]. We also
refer to [2] for a general treatment. Crossed-product C*-algebras for actions of
Hecke pairs were then defined in [30] and the von Neumann algebraic version in
Section 4 of [8].

Let C[Q; G, H] be the space of continuous functions f : G — Q such that
f(hgk) = 03,(f(g)) for any g € G, h,k € H, and such that the induced functions
f: G/H — Qs finitely supported. Note that if f € C[Q; G, H] and g € G, then
f(g) is fixed by o(H N gHg™!). We define a multiplication and an involution *
on C[Q; G, H] as follows:

fif(8)= Y. fi(s)os(fa(s7'g)), forany f1,f> € C[Q;G,H]and g € G,
selift(G/H)

where lift(G/H) is a system of representatives of G/H,
f5(8) = 0g(f(g™")*), forany f € C[Q;G,H] and g € G.

The space C[Q; G H ] endowed with those operations is a unital x-algebra. It con-
tains a copy of the fixed point von Neumann algebra Q via the map j(a)(g) =
xu(g)a,a e QH, g € G, where xp is the characteristic function of H.

Assume that Q is standardly represented on a Hilbert space H and denote
again by ¢ : G — U(H) the canonical implementation of the action, see [15]. Let
L?(G/H,H) be the Hilbert space of L2-functions from G/H to H, where G/ H is
viewed as a discrete space (and endowed with the counting measure). Consider
the subspace

K:={¢cL?>(G/H,H): &hgH) = 0,(¢(gH)), Vh € H,gH € G/H}.
A similar proof to that of Proposition 5.1 in [8] gives us the following lemma.
LEMMA 5.5. The map 1t : C[Q; G, H] — B(K) defined by
n(f)¢(gH) = lft(ZC,;/H)f(s)%(C(s‘lgH)), feCIQGH| ZeK, gHeG/H,
seli

is a bounded representation of the x-algebra C[Q; G, H]. We call it the standard repre-
sentation of the Hecke algebra.

Denote by vN[Q; G, H| the bicommutant of 7(C[Q; G, H]). We call it the
crossed-product von Neumann algebra of Q by (G, H).

The next proposition relates crossed-products by Hecke pairs to the group
crossed-product by the Schlichting completion, it generalizes Lemma 4.2. As
mentioned above, this idea goes back to Tzanev [36].

PROPOSITION 5.6. Consider an action of a Hecke pair (G, H) on a von Neumann
algebra Q. Denote by (G, H) the Schlichting completion of (G, H). Then the pairs

(Q" CVN[Q;G,H]) and (pz(QxH)pz Cpr(QxG)py)
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are isomorphic. Here pg is the averaging projection associated with the compact open
subgroup H < G as defined above.

Proof. Note that the coset spaces G/H and G/H are naturally isomorphic.
Since the action G ~ Q extends continuously to an action of G, the pairs

(QH c vN[Q;G,H]) and (QF c vN[Q;G, H])

are isomorphic. Moreover, the Schlichting completion of (G, H) is equal to itself.
Replacing (G, H) with (G, H) if necessary, we may assume that H is compact
open inside G, and G= G, H=H.

Consider the isometry u : K — L*(G, H) given by the formula

1
W”g '(¢(gH)), geG.
Put M := Q x G. Observe that the map x € pgyMpy — u*xu € B(K) is a
representation that is equivalent to pyMpy acting on pyJprJL?(G,H), where
] is the conjugation operator on the standard representation L2(G,H) of M. In
particular, x € pyMppy — u*xu € B(K) is a faithful representation.

Consider the map ¢ : C[Q; G, H] — K(G, Q) defined by the formula

o(f)(8) = mcl(H) o7\ (f(g)), forany f € C[Q;G,H], g € G.

Observe that the range of ¢ is the space of functions F € K(G,Q) such that
F(kgl) = o, '(F(g)) for any g € G,k,I € H. This range is precisely the corner
puk(G,Q)py and we have that

(5.7) uw*¢(f)u=f forany f € C|Q;G, HJ.

Therefore, x € pgMpy +— u*xu € B(K) is an isomorphism of von Neumann
algebras onto vN[Q; G, H]. By Lemma 4.2, we have that py(Q x H)py = Q'py
and one easily checks that u*(Qpy)u = QH.

ug(g) =

Observe that if H < L < G is an intermediate closed group, then there is a
natural identification of C[Q; L, H] as a subalgebra of C[Q; G, H] of all functions
that are supported on L. This identification extends to the respective crossed-
product von Neumann algebras. To see this with little effort we can use the
above proposition as follows. By definition of the Schlichting completion we
have that L is isomorphic to the closure of L inside G, where L and G are the
Schlichting completions of L and G with respect to the subgroup H. As men-
tioned in Section 2.3, the crossed-product Q x L is isomorphic to the weak clo-
sure of the algebraic crossed-product Q Xy L inside Q x G. Proposition 5.6 and
this later fact imply that there exists an injective morphism of von Neumann
algebras ¢ : VN[Q; L, H] — vN[Q; G, H] that sends Q' to itself and such that
¢(VN[Q; L, H]) is the weak closure of C[Q; L, H] inside VN[Q; G, H|.
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Theorem 1.7 together with Proposition 5.6 implies the following result for
crossed-products by Hecke pairs.

COROLLARY 5.7. Consider a strictly outer action of a Hecke pair (G, H) on a von
Neumann algebra Q that has a separable predual. If Q" C L C vN|[Q; G, H] is an
intermediate von Neumann algebra, then there exists an intermediate group H < H' <
G such that L is isomorphic to the crossed-product vN[Q; H', H|, which we identified as
a subalgebra of VN[Q; G, H|.

Recently, it has been shown that Hecke pairs appear in subfactor theory.
Consider a finite index subfactor N C M and its symmetric enveloping inclusion
T C S, see [31] (or [26] in the type III finite depth setting). Then in some cases,
there exists a Hecke pair (G, K) and actions G ~ M®M°P,K x K ~ MRMPOP
such that T C S is isomorphic with (M@MCOP)K*K c yN[M®M°P;G, K], see
Theorem 5.5 of [8]. Hence, our last corollary gives us information about the lattice
of intermediate subfactors in the symmetric enveloping inclusion of N C M.
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